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We revisit the estimate of the charm particle contribution to the atmospheric neutrino flux that
is expected to dominate at high energies because long-lived high-energy pions and kaons interact
in the atmosphere before decaying into neutrinos. We focus on the production of forward charm
particles which carry a large fraction of the momentum of the incident proton. In the case of
strange particles, such a component is familiar from the abundant production of K+Λ pairs. These
forward charm particles can dominate the high-energy atmospheric neutrino flux in underground
experiments. Modern collider experiments have no coverage in the very large rapidity region where
charm forward pair production dominates. Using archival accelerator data as well as IceCube
measurements of atmospheric electron and muon neutrino fluxes, we obtain an upper limit on
forward D¯0Λc pair production and on the associated flux of high-energy atmospheric neutrinos. We
conclude that the prompt flux may dominate the much-studied central component and represent a
significant contribution to the TeV atmospheric neutrino flux. Importantly, it cannot accommodate
the PeV flux of high-energy cosmic neutrinos, nor the excess of events observed by IceCube in the
30–200 TeV energy range indicating either structure in the flux of cosmic accelerators, or a presence
of more than one component in the cosmic flux observed.
I Introduction
The production of charm hadrons by cosmic rays inter-
acting in the Earth’s atmosphere [1–10] is the dominant
background for the detection of cosmic neutrinos above
an energy that depends on the charm cross section and on
its dependence on Feynman xF . Because of their short
lifetime, charm hadrons decay promptly into neutrinos
in contrast with relatively long-lived high-energy pions
and kaons that interact and lose energy before decay-
ing. Although prompt neutrinos may represent the dom-
inant component of the atmospheric neutrino background
for the identification of the cosmic neutrino flux at PeV
energy, they have not yet been identified as such. Ice-
Cube observations [11] indicate that the neutrino flux is
dominated by conventional atmospheric neutrinos at low
energy and by cosmic neutrinos at high energy; charm
neutrinos is expected to never dominate the measured
spectrum. The issue is of great interest because a poor
understanding of a potential charm neutrino background
interferes with the precise characterization of the cosmic
neutrino flux measured by IceCube.
We start by emphasizing that the production of charm
in the atmosphere cannot accommodate the observed flux
of high-energy cosmic neutrinos. We indeed know, inde-
pendent of any theory, that the charm flux tracks the
energy dependence of the cosmic ray flux incident on the
atmosphere and that it is independent of zenith angle. A
variety of analyses agree on the fact that there is no evi-
dence for such a component in the IceCube data [11, 12].
While the flux above 200TeV can be accommodated by
a power law with a spectral index γ = 2.07 ± 0.13 [13],
lowering the threshold revealed an excess of events in the
30–200TeV energy range [11], raising the possibility the
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cosmic neutrino flux is not a single power or an additional
charm background.
The production of charm particles has been exten-
sively studied in the context of perturbative QCD [14–
17]. These calculations often use a color dipole descrip-
tion of the target proton [18–21] in order to mitigate
the breakdown of the perturbative calculation associated
with large log(1/x) contributions, where x = mc/
√
s.
Here, mc is the charm quark mass and s the center-of-
mass energy of the colliding hadrons. At high energy,
the charm quark is no longer a heavy quark whose mass
controls the perturbative expansion. More importantly,
these calculations only describe the central production of
charm particles with a cross section that peaks at Feyn-
man xF ∼ 0, providing an incomplete calculation. For
strange particles, the central component of particle pro-
duction is accompanied by a forward component where
the incident proton transfers most of its energy to a K+Λ
pair with the same quantum numbers [22, 23]. It domi-
nates strange particle production at large Feynman xF .
Forward charm production has been modeled with vary-
ing complexity, from intrinsic charm [24] and meson cloud
description of the proton [25] to the inclusion of QCD di-
agrams that promote one of the cc¯ quarks in the proton
to large Feynman xF when they hadronize with valence
quarks in the incident proton [26].
In this paper, we investigate the potential contribution
of forward charm to atmospheric neutrino spectra. We do
this by parameterizing the dependence of the charm cross
section on Feynman xF and energy without reference to
a specific model. Also, the normalization is a free param-
eter. This parameterization is subsequently adjusted to
accelerator and atmospheric neutrino data, which results
in an upper limit on the forward charm contribution to
the atmospheric neutrino flux at high energies. The for-
ward component thus obtained contributes qualitatively
at the same level as the central component to the total
2charm particle cross section, as is the case for strange
particles. However, while it does potentially dominate
the production of the highest energy atmospheric neutri-
nos in IceCube, we conclude that it cannot accommodate
the flux of cosmic neutrinos that dominates the spectrum
at the highest neutrino energies. In addition, this for-
ward charm production is unable to accommodate the
30–200TeV excess over the best-fit power law seen in re-
cent IceCube analyses that have lowered the threshold of
the search for cosmic neutrinos [11].
While we make no prediction for prompt neutrinos
from forward charm, if produced at the level of the upper
limit obtained here, the prompt spectrum could extend
to higher energies than predicted by calculations that
have neglected the forward component. While we con-
clude that the upper limit on the prompt neutrino flux is
subdominant to the cosmic neutrino flux at all energies,
it potentially represents a background, and it is therefore
still important to characterize it.
The remainder of this paper is organized as follows: in
Section II, the parameterization of the differential cross
section for the production of forward charm hadrons is
introduced. In Section III, we subsequently evaluate the
upper limit on the flux of prompt neutrinos, and we con-
front it with the cosmic neutrino data in Section IV.
II The Forward Charm Cross Section
To begin, we introduce a model-independent parameteri-
zation for forward charm production. It has the flexibility
to adjust the energy and Feynman-x dependence inde-
pendently: dσ
dxF
= g(xF )f(Ep). Specifically, the parame-
terization allows for changing the value at which the cross
section peaks in xF while preserving the integrated cross
section value,
∫ 1
0
dxF g(xF ) = σ. The forward charm has
been hypothesized to be produced by several processes
each with a slightly different cross section peak. We ini-
tiate the calculation using a Feynman-x parameterization
for forward Λc and D production that peaks at large xF
values, with a maximum at xF ∼ 23 (∼ 13 ) for Λc (D).
These peak values are associated with the hadronization
of charm quarks with the valence quarks in the incident
proton. Without further adjustments this distribution
matches the archival data on forward Λc production from
the CERN ISR pp¯ collider [27]. The differential cross sec-
tions are shown in Fig. 1 along with the ISR data that
also fixes the normalization.
It has been argued that there is tension between dif-
ferent experimental results on the magnitude of forward
charm production [28]. In the spirit of producing an
upper limit, we use the ISR data, which measured the
largest forward charm component [27].
For the energy dependence of the forward charm cross
section we consider parameterizations bracketed by two
extreme possibilities: the energy dependence of the total
inelastic cross section pp → X and the inclusive charm
cross section pp → cc¯ + X measured for centrally pro-
duced charm particles. We will refer to these as “in-
elastic” and cc¯ dependence, respectively. In addition, we
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FIG. 1. The Feynman xF dependence for Λc and D¯
0 produc-
tion using the parameterized cross section is compared with
ISR data [27] at
√
s = 63 GeV.
averaged the two as an illustration for an intermediate
energy dependence.
III An Upper Limit on the Prompt Neutrino
Flux
To calculate the prompt neutrino spectrum from the de-
cay of forward charm particles produced in the atmo-
sphere, we have used the MCEq atmospheric interaction
package [29] in conjunction with a parameterization of
the incident cosmic ray flux [30]. Observations indicate
an increasing mass of the cosmic rays at the knee [31].
Heavier nuclei primaries shift the neutrinos from charm
to lower energies, causing a break in the neutrino spec-
trum.
The result is shown in Fig. 2 assuming the cc¯ en-
ergy dependence. The variation of the forward flux on
the detailed Feynman-x dependence of the cross section
is illustrated by varying the position of its maximum.
Shifting its value higher by 25% has a small effect on the
prompt neutrino flux that is already saturated by the ini-
tial parameterization. Lowering the peak value reduces
the normalization without changing the spectrum in the
region of interest beyond the break in energy associated
with the “knee” in the cosmic ray spectrum.
Next we investigate the dependence of the prompt flux
on the energy dependence of the cross section; see Fig.
3. The variations only affect the spectrum of the prompt
neutrinos and not the normalization as all fluxes are equal
at ∼ 3×102GeV. In this plot, we also compare the fluxes
to the conventional neutrino flux from pi,K decays [32]
and the flux of atmospheric electron neutrinos measured
by IceCube [33]. The cc¯ energy dependence exceeds the
measured atmospheric neutrino flux but shows that the
spectrum cannot mimic an E−2 spectrum in the energy
ranges of interest, Eν > 10
4 GeV. The “averaged” energy
dependence does exceed the measured atmospheric neu-
trino flux at the 1 σ level. In addition, each cross section
shows a break in the spectrum ∼ 105 GeV, reflecting the
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FIG. 2. The prompt neutrino spectrum from forward charm
is shown using a baseline differential cross section and pa-
rameterizations with the xF maximum shifted up and down
by 25%. The ratio of the baseline and the two shifted cross
sections is also shown. Note that the break in the spectrum
occurs at different energies for the shifted cross sections.
break in the cosmic ray spectrum at the knee.
It is clear that the parameterization with the “aver-
aged” energy dependence represents an upper limit on
the charm contribution at 1 σ. It is a conservative upper
limit given that the flux in this energy region can be per-
fectly accommodated by the contributions from pi and K
decays. To illustrate the strength of this upper limit, we
show a second prompt flux with the maximal parameters,
a steeper cc¯ energy dependence with a shifted maximum
in the xF distribution. This requires an adjustment of
the normalization in order to not exceed the data. We
now no longer match the ISR data. Both possibilities are
confronted in Fig. 4 with the expected number of events
in an IceCube starting event analysis (MESE) [11]. Al-
though it does not qualitatively affect our conclusions,
we have included the self-veto that requires the neutrino
to not be accompanied by a detected atmospheric shower
[34, 35].
Confronting the upper limit on prompt neutrino pro-
duction to the observed IceCube events, we conclude that
prompt neutrinos can possibly contribute to the flux in
the 30–100 TeV range but not above 100 TeV, where
neutrinos from cosmic origin dominate the data. Inde-
pendently, the prompt flux simply traces the atmospheric
cosmic ray spectrum and cannot accommodate the high-
est energy events observed in either analysis.
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FIG. 3. The prompt electron neutrino spectrum from for-
ward charm is shown for extreme assumptions of the energy
dependence. Also shown is the result for an intermediate de-
pendence that exceeds the measured flux [33] at the 1σ level
at the highest energy of 20 TeV. An estimate of the contribu-
tion from centrally produced charm particles by Enberg. et
al. (ERS) [1] is shown for comparison.
IV Conclusions
We have used a parameterized cross section to model
the forward component of charm production. It is ex-
pected to dominate the charm contribution to the high-
energy atmospheric neutrino flux based on experience
with strange particle production. We maximized its con-
tribution to the atmospheric neutrino flux by varying
both its Feynman-xF and energy dependence without ex-
ceeding data from collider and high-energy atmospheric
neutrino experiments. We subsequently calculated the
upper limit of the flux of prompt neutrinos from the de-
cay of charmed particles in IceCube, which is dominated
by the forward component of the flux. We found that
the prompt neutrino flux from forward charm may rep-
resent a background to the cosmic neutrino flux but can-
not explain the high-energy events observed by IceCube
at energies above 100TeV.
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FIG. 4. The expected number of events in both the northern and southern sky for two years in IceCube using a veto-based
detection scheme [11]. The upper limit fluxes include the self-veto effect as prescribed in [34]. Neither upper limit can explain
the high-energy events observed in IceCube.
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